SD6957S97604 



Selective Etchant for Oxide Sacrificiai IVIaterial in Semiconductor Device 

Fabrication 



INVENTORS: 

Peggy J. Clews 
P.O. Box 994 
TIjeras, New Mexico 87059 



Seethambal 8. Man! 
618 Cedar Hill Road 
Albuquerque, New Mexico 87122 



EL026585503US 



SD6957S97604 
Clews et al 



Selective Etchant for Oxide Sacrificial Material in Semiconductor Device 

Fabrication 

GOVERNMENT RIGHTS 
This Invention was made with Government support under Contract No. DE- 
AC04-94AL85000 awarded by the U.S. Department of Energy. The Government has 
certain rights in the invention. 

FIELD OF THE INVENTION 
The present Invention relates In general to wet etching, and in particular to an 
etch composition and method for selectively removing an oxide sacrificial material 
during fabrication of semiconductor devices (e.g. micromechanical, 
microelectromechanical or microfluldic devices) which contain a metal layer 
comprising aluminum, without substantially damaging that metal layer. The metal 
layer can form a structural layer of the semiconductor device, or a bond pad. 

BACKGROUND OF THE INVENTION 
Among the most difficult steps in fabricating certain types of semiconductor 
devices such as micromechanical devices, microelectromechanical devices or 
microfluidic devices Is the removal of an oxide sacrificial material which is used to 
build up the structure of the devices and which is then removed to complete the 
fabrication of the devices. The sacrificial material can be used, for example, to 
separate and precisely space layers or elements within the semiconductor device; 
can be patterned to form a mandrel or mold to define the shape of certain elements of 
the semiconductor device formed from deposited structural layers (e.g. polysilicon, 
silicon nitride, or metals); or can be used as a covering to protect certain elements 
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(e.g. bond pads) during further processing steps. 

The removal of the oxide sacrificial material generally requires the use of a 
selective etchant such as hydrofluoric acid (HF) in liquid or vapor form to dissolve 
away the oxide sacrificial material over a period of up to several hours or more. A high 
5 degree of selectivity is required by the etchant so that other layers in the device which 
are generally formed from polysilicon (i.e. polycrystalline silicon), silicon nitride, or 
metals are not substantially chemically attacked and damaged. Further information 
about the etching of oxide sacrificial materials can be found in an article by J. Buhler 
et al entitled "Silicon Dioxide Sacrificial Layer Etching in Surface Micromachining," 
1 0 {Journal of Micromechanics and Microengineering, vol. 7, pp. R1 - R1 3, 1 997). 
, ^ Conventional etchants comprising HF at concentrations of about 50% by 

y weight or less are generally unsuitable for etching oxide sacrificial materials in the 
presence of an exposed metal layer comprising aluminum since the aluminum is 

Q 

J J chemically attacked at an unacceptably high rate by hydronium Ions present in the HF 
Q 1 5 etchant. A carboxylic acid etching solution, as disclosed in U.S. Patent No. 5,824,601 
I* to Dao, has been developed to improve the etch selectivity to metals including 
Q aluminum. However, the HF content in this carboxylic acid etching solution is low 

Q (about 8%) so that the time required for removal of an oxide sacrificial material is 
excessive for many applications, 
20 The present invention provides an etch composition and method that 

overcomes the difficulties of the prior art and provides a relatively high etch rate for an 
oxide sacrificial material while minimizing etching of other materials within a 
semiconductor device that comprise polysilicon, silicon nitride or metals. 

The present invention further provides an etch composition and method that Is 
25 compatible with high-purity semiconductor manufacturing operations. 

These and other advantages of the present invention will become evident to 
those skilled in the art. 
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SUMMARY OF THE INVENTION 
The present Invention, which relates to a method for manufacturing a 
semiconductor device using an oxide sacrificial material, comprises the step of etching 
the oxide sacrificial material using an etching solution comprising a mixture of 
hydrofluoric acid (HF) and sulfuric acid (H2S04).The semiconductor device being 
fabricated using the etching step of the present invention generally comprises a plurality 
of deposited and patterned layers which typically includes at least one polysilicon layer, 
and which can further include a metal layer comprising aluminum. The semiconductor 
device can comprise, for example, a micromechanical device, a microelectromechanical 
device, or a microfluidic device. 

For compatibility with high-purity semiconductor manufacturing operations, the 
hydrofluoric acid preferably comprises a "semiconductor grade" hydrofluoric acid, and 
the sulfuric acid preferably comprises a "semiconductor grade" sulfuric acid. Those 
skilled in the art will understand that the term "semiconductor grade" refers to a 
chemical having a higher level of purity than that present in a "technical grade" chemical, 
and that "semiconductor grade" chemicals are preferred when fabricating 
semiconductor devices to improve the manufacturing yield and reliability (see e.g. W.J. 
Sievert, "Setting Standards - The Development of Standards in the Field of Electronic 
Chemicals," Semiconductor Fabtech, 13th edition, pp. 175-179, March 2001). The 
hydrofluoric acid concentration according to the present invention is generally in the 
range of 40 - 50% by weight HF; and the sulfuric acid concentration is generally at least 
90% by weight H2S04.The hydrofluoric acid and sulfuric acid in the etching solution can 
be provided in a ratio HF:H2S04 that ranges from 1 :3 to 3:1 or more, and preferably in 
the range of 1 :1 to 3:1 . These ratios in the range of 1 :3 to 3:1 provide an etch selectivity 
for the oxide sacrificial material relative to the metal layer of greater than 100. Etching 
can be performed with the etching solution at a temperature anywhere in the range of 5 
- 70 °C. 



The present invention further relates to an etch composition that is useful for 
removing an oxide sacrificial material from a semiconductor device during fabrication 
thereof, with the etch composition comprising a solution of hydrofluoric acid (HF) and 
sulfuric acid (H2SO4), and with the hydrofluoric acid being at least 40% by weight HF. 
The HF and H2SO4 are generally provided as "semiconductor grade" HF and H2SO4, 
with the HF having a concentration in the range 40 - 50% by weight HF, and with the 
H2SO4 generally having a concentration of at least 90% by weight H2SO4. The ratio 
of HF:H2S04 in the etch composition solution can be in the range of 1 :3 to 3:1 . This 
etch composition of the present invention is useful for removing one or more layers of 
the oxide sacrificial material or portions thereof from semiconductor devices that 
additionally include at least one layer of polysilicon or silicon nitride. Such 
semiconductor devices, which can further include one or more metal layers 
comprising aluminum, can include micromechanical devices, microelectromechanical 
devices or microfluidic devices. 

Additional advantages and novel features of the invention will become 
apparent to those skilled in the art upon examination of the following detailed 
description thereof when considered in conjunction with the accompanying drawings. 
The advantages of the Invention can be realized and attained by means of the 
instrumentalities and combinations particularly pointed out in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanying drawings, which are incorporated into and form a part of 
the specification, illustrate several aspects of the present invention and, together with 
the description, serve to explain the principles of the invention. The drawings are only 
for the purpose of illustrating preferred embodiments of the invention and are not to 
be construed as limiting the invention. In the drawings: 

Figs. 1A and 1 B schematically illustrate in cross-section view a semiconductor 



device having a plurality of deposited and patterned layers before and after removal 
of an oxide sacrificial material, respectively. 

DETAILED DESCRIPTION OF THE INVENTION 
5 The present invention provides an etching solution (also termed herein an etch 

composition) that is a mixture of hydrofluoric acid (HF) and sulfuric acid (H2S04).This 
etching solution of the present invention Is particularly useful for removing one or 
more layers of an oxide sacrificial material 12 comprising a silicon oxide (e.g. Si02) or 
silicate glass (e.g. TEOS) that has been used to build up the structure of a 
10 semiconductor device 10 (e.g. a micromechanical, microelectromechanical or 
,^ microfluidic device) on a substrate 14. Such devices 10, which are schematically 
5^ illustrated in the cross-section views of Figs. 1 A and 1 B before and after removal of 

the oxide sacrificial material 12, respectively, are formed by depositing and patterning 
(3 a plurality of material layers including layers of the oxide sacrificial material 12, and 

in 

13 15 non-oxide layers comprising polysilicon 16, silicon nitride 18 and/or metals 20. A step 
h& for removing at least a portion of the oxide sacrificial material 12 by the etching 
□ solution of the present invention can be performed in order to free up one or more 

in 

p elements of the micromechanical or microelectromechanical device for movement, to 

' form fluid channels within the microfluidic device, or to remove a portion of the oxide 

20 sacrificial material 12 covering metal bond pads 22 on the device. 

Removal of the oxide sacrificial material 12 is preferably accomplished using a 
selective etch composition that does not unduly etch away non-oxide layers of 
polysilicon, silicon nitride or metal that are needed to form the structure of the 
completed device 10 as shown In Fig. IB. This necessitates a relatively high etch 
25 selectivity of the oxide sacrificial material relative to the polysilicon, silicon nitride and 
metal layers 16, 18 and 20, and any metal bond pads 22. 

Hydrofluoric acid at high concentrations (e.g. 73% by weight) can provide a 
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high etch selectivity of an oxide sacrificial material 12 relative to the polysilicon and 
silicon nitride and metal layers 16, 18 and 20, including metal layers 20 comprising 
aluminum. However, such high concentrations of HF are only currently available in a 
"technical grade" which contains an unacceptably high level of Impurities for many 
5 semiconductor manufacturing operations. This high level of impurities in "technical 
grade" HF can attack polysilicon layers, thereby comprising the integrity and strength 
of the released structures and degrading the manufacturing yield and reliability of the 
semiconductor devices 10. 

With "semiconductor grade" HF which contains fewer impurities and is 
1 0 therefore to be preferred for manufacturing semiconductor devices 1 0 according to 
, ^ the present invention, the maximum available HF concentration is presently limited to 
■g 50% by weight HF, with the remainder being water. An increased hydronium ion 
! J (H3O+) concentration in "semiconductor grade" HF as compared to the 73% 
W 'lechnical grade" HF reduces the etch selectivity of the oxide sacrificial material to 
■Q 15 aluminum-containing layers in the semiconductor device due to the chemical 
i,& reaction: 

I 2AI + 6H30+-^2A|2++3H2(g) + 6H20 

■'^ This results in an unacceptably high etch rate for the aluminum-containing layers (e.g. 
20 shown as 20 and 22 in the example of Figs. 1 A and 1 B). 

According to the present invention, the addition of sulfuric acid to the 
hydrofluoric acid has been found to be advantageous in reducing the hydronium ion 
concentration in the resultant etching solution, thereby allowing the use of 
"semiconductor grade" HF In concentrations of 40 - 50% by weight HF while providing 
25 an increased etch selectivity for aluminum-containing layers as compared to similar 
etching solutions without sulfuric acid. Additionally, sulfuric acid is available in 
"semiconductor grade" quality thereby minimizing any potential damage to the 
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semiconductor devices from impurities tlierein. Generally, the sulfuric acid that is 
added to the hydrofluoric acid to form the etch composition of the present invention 
comprises at least 90% by weight H2SO4, and preferably 95 - 98% by weight H2SO4. 

Mixing of the HF and H2SO4 initially at room temperature is exothermic 
resulting in a temperature rise immediately after mixing which depends on the ratio of 
the HF to H2SO4 as shown In Table 1 . After mixing, the etching solution cools rapidly 



Table 1: 



HF:H2S04 Ratio 


Temperature 
After Mixing 
(°C) 


10:1 


35 


3:1 


54 


2:1 


58-59 


1.5:1 


63 


1:1 


66-68 


1:3 


60 


1:10 


45 



from evaporation, and gives off a fog of gas if not covered. The etch composition of 
the present invention can be used at any temperature within the range of 5 - 70°C. A 
container holding the etch composition can be heated or cooled, as needed, to 
maintain the etch composition at a particular temperature within the above range. 

To evaluate various compositions of the etching solution of the present 
invention, measurements of the etch rates were made for a densified undoped TEOS 
oxide sacrificial material layer 12, for a low-stress silicon nitride layer 18, and for 
metal layers 20 comprising an aluminum-copper alloy (i.e. Al with 0.5% Cu) and 
titanium nitride (TiN). 

Measurements of the etch rates for the TEOS oxide sacrificial material were 



made using a structure having a 2 pm tliicl< layer 12 of the TEOS oxide sacrificial 
material blanket deposited on a silicon substrate 14 from the decomposition of 
tetraethylortho silicate by low-pressure chemical vapor deposition (LPCVD) at about 
750 °C, and densified by a high temperature processing step. A 2 pm layer 16 of 
5 polysilicon deposited by LPCVD at a temperature of 580 °C covered the TEOS layer 
12, with the polysilicon layer 16 being patterned by a photolithographically defined 
mask and reactive ion etching to form a plurality of parallel channels through the 
polysilicon layer to expose portions of the underlying TEOS layer 12. 

A plurality of substrate pieces containing the patterned channels for exposing 
1 0 the TEOS layer were immersed in each particular etch composition comprising 49% 
, ^ by weight HF and 98% by weight H2SO4 in various ratios in the range of 1 :1 0 

ji SSI 

HF:H2S04 up to 1 0:1 HF:H2S04. During these etching measurements, each etching 
[* solution was maintained at about 20 °C without agitation. At periodic time intervals, 

f2 one of the substrate pieces containing the exposed TEOS layer was removed from 

111 

O 15 each etch solution, rinsed in water and examined to determine the extent of lateral 

ii 

I* etching of the TEOS layer 1 2 underneath the polysilicon layer 1 6. The etching was 

sll 

Q terminated when the TEOS layer 1 2 was laterally etched to undercut the TEOS oxide 
p sacrificial material by a distance of 50 pm underneath the polysilicon layer 1 6. This 50 
pm extent of lateral etching is a typical etching requirement for many types of 
20 micromechanical, microelectromechanical or microfluidic devices 10. 

The time required to laterally undercut the TEOS layer 12 by 50 pm varied from 
33 minutes to 714 minutes depending upon the HF:H2S04 ratio in each etching 
solution. The measured etching time for a particular etch composition was then used 
to calculate an average etch rate for the TEOS oxide sacrificial material for that etch 
25 composition. During undercutting of the TEOS layer 12, the polysilicon layer 16 was 
not substantially etched by the HF:H2S04 solution so that no measurements of the 
etch rate of polysilicon were made. Etch rate measurements were made for various 
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ratios of HF:H2S04 with the results being shown in Table 2 for the various oxide and 
non-oxide materials studied. 



Table 2: 



HF:H2S04 

riailO 


TEOS Oxide 
Sacrificial 
Material 
Etch Rate 

^pm/ininuie) 


Low-Stress 
Silicon Nitride 
Etch Rate 
(A/minute) 


Al-Cu Alloy 
Etch Rate 
(A/minute) 


TiN 
Etch Rate 
(A/minute) 


10:1 


1.5 


38 


230 


0.70 


3:1 


1.4 


27 


94 


0.51 


2:1 


1.2 


21 


39 


0.53 


1.5:1 


0.97 


17 


16 


0.38 


1:1 


0.57 


12 


5.6 


0.24 


1:3 


0.07 


2.5 


0.20 


0.16 


1:10 


Not 
measured 


0.07 


0.04 


0.00 



To measure the etch rates for the low-stress silicon nitride layer 18 and for the 
Al-Cu and TiN metal layers 20, layers of these materials were blanket deposited over 
a silicon substrate 14, or over an oxide layer on the silicon substrate 14. The metal 
layers 20 were deposited by sputtering; and the low-stress silicon nitride layer 1 8 was 
deposited by LPCVD at about 850 °C. Substrate pieces containing the silicon nitride 
and metal layers, 18 and 20, were placed into the etching solution at the same time 
as the substrate pieces containing the TEOS layer 12, and were removed once 
etching of the TEOS layer 12 was complete (i.e. after laterally etching for 50 pm), or 
after a predetermined time interval in the case of the 1 :10 HF:H2S04 etching solution. 
The thickness of the silicon nitride layer 18 was measured before and after etching 
using ellipsometry in order to determine the etching rate. Sheet resistance of the Al- 
Cu and TiN metal layers 20 were performed before and after etching using a four- 



point probe in order to determine the etch rates for these metal layers. 

Table 3 shows the etch selectivity of the silicon nitride layers and metal layers, 
18 and 20, relative to the TEOS oxide sacrificial layer 12 calculated from the data in 
Table 2. The etch selectivity is defined herein as the etch rate of the oxide sacrificial 
5 material divided by the etch rate of a non-oxide material (e.g. a silicon nitride or metal 
layer). 



Table 3: 
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h^S 1 5 



HF:H2S04 
Ratio 


Al-Cu Alloy 


TIN 


Low-Stress 
Silicon Nitride 


10:1 


65 


21000 


400 


3:1 


150 


27000 


530 


2:1 


320 


27000 


560 


1.5:1 


610 


39000 


570 


1:1 


1100 


26000 


470 


1:3 


3500 


4300 


280 



C3 Table 3 shows that etch compositions having a ratio of HF:H2S04 in the range of 1 :3 

ill 

13 to 3:1 provide an etch selectivity for the TEOS oxide sacrificial material relative to the 

!• S 

metal layer 20 containing aluminum in excess of 1 00. These etch compositions are 
20 particularly useful for etching semiconductor devices 10 containing one or more 
layers 20 comprising aluminum. This includes semiconductor devices having 
aluminum bond pads 22, aluminum interconnect layers, aluminum structural layers, or 
aluminum reflective mirror layers. In Table 3, the TIN metal layer 20 is not substantially 
etched for any of the etch compositions listed, and can be used, for example, as a 
25 protection layer over portions of the semiconductor device 10 during fabrication 

thereof. The low-stress silicon nitride layer 18 as shown in Table 3 also exhibits a high 
etch selectivity of about 500 for HF:H2S04 ratios in the range of 1 :1 to 3:1 . 
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For etching a particular semiconductor device 1 0 incorporating one or more of 
tile layers in Tables 2 and 3, the data provided in Tables 2 and 3 can be used to select 
a particular etch composition to provide a desired etching rate for the TEOS oxide 
sacrificial material while maintaining a high etch selectivity for other non-oxide layers 
5 within the device (e.g. the layers 1 6, 1 8 and 20). For example, when etching a 

micromechanical, microelectromechanical or microfluidic device 10 incorporating one 
or more TEOS oxide sacrificial layers 12 in addition to polysilicon, silicon nitride and 
metal layers, it Is generally preferable to use an etch composition comprising a ratio of 
HF:H2S04 in the range of 1 :1 to 3:1 and most preferably about 1 .5:1 to 2:1 since this 
10 provides a relatively high etch rate for removing the TEOS oxide sacrificial material 
; while at the same time providing good etch selectivities for the silicon nitride and 

J:^ metal layers. Those skilled in the art will understand that the etch composition of the 
j* present invention is applicable to other types of oxide sacrificial materials known to 
?| the art and to other types of metals used in forming semiconductor devices. Those 
Q 15 skilled in the art will understand that the measurements described herein with 
reference to Tables 2 and 3 can be repeated for each particular type of oxide 
(3 sacrificial material to determine the etch rates and etch selectivity for the oxide and 

H non-oxide materials. 

Furthermore, it is intended that the etch composition of the present invention 
20 can include HF with concentrations exceeding 50% by weight HF Presently, only 
"technical grade" HF is commercially available with concentrations exceeding 50% by 
weight HF. For non-critical applications, such "technical grade" HF with a 
concentration exceeding 50% by weight HF can be used in combination with 
"technical grade" or "semiconductor grade" H2SO4 according to the present invention. 
25 Alternately, when "semiconductor grade" HF becomes available with a concentration 
exceeding 50% by weight HF, this will generally be preferred over the "technical 
grade" HF, expecially for semiconductor device manufacture. For other HF 

11 



concentrations, the measurements described herein with reference to Tables 2 and 3 
can be repeated to determine the etch rates for the oxide and non-oxide materials 
and the etch selectivity in order to select a particular etch composition. In general, to 
provide a particular level of etch selectivity as shown in Table 3, a smaller amount of 
H2SO4 relative to HF needs to be provided in the etching solution according to the 
present invention as the HF concentration is increased above 49%, and a larger 
amount of H2SO4 relative to HF should be used in the etching solution as the HF 
concentration is reduced below 49%. Also, the etch rate for the oxide sacrificial 
material will vary in proportion to the amount of HF in the etch solution. 

Once etching of a particular semiconductor device 1 0 and removal of all or a 
portion of the oxide sacrificial material therefrom is completed using the etch 
composition of the present invention, the etching solution can be removed from the 
semiconductor device 10 using a rinsing step, for example, using deionized water in a 
flow-through rinse tank. For semiconductor devices containing one or more layers 
comprising aluminum, the rinsing step is preferably performed rapidly to minimize 
contact of the aluminum layers with the diluted etching solution which can further etch 
the aluminum layers due to the increased hydronlum ion concentration. Additionally, 
careful attention should be devoted to the drying of micromechanical or 
microelectromechanical devices 10 to prevent the possibility of stiction (i.e. adhesion) 
of moveable elements therein. In some instances, it may be preferable to add a 
surfactant to the etching solution to aid in the rinsing and drying process to help 
prevent stiction. The surfactant can be added immediately prior to the rinsing step to 
prevent degradation of the surfactant by the strong acid etch composition of the 
present invention. 

Other applications and variations of the present invention will become evident 
to those skilled in the art. The matter set forth in the foregoing description and 
accompanying drawings is offered by way of illustration only and not as a limitation. 
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The actual scope of the invention is intended to be defined in the following claims 
when viewed in their proper perspective based on the prior art. 
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